Optical chromatography involves loosely focusing a laser beam into a fluid flowing opposite to the direction of laser propagation. When microscopic particles in the flow path encounter this beam they are optically trapped along the beam and are pushed upstream by the radiation pressure from the laser focal point to rest at a position where the optical and fluid drag forces on the particle balance. Because optical and fluid forces are sensitive to differences in the physical and chemical properties of a particle, fine separations are possible. A laser beam which completely fills a fluid channel has been operated as an optically tunable filter for the separation of polymeric/colloidal and biological samples. We demonstrate here how this technique coupled with an advanced microfluidic platform can be used as both a coarse and fine method to fractionate particles in an injected sample. The microfluidic network allows for a monodisperse mixed particle sample of polystyrene and poly(methyl methacrylate) to be injected, hydrodynamically focused and completely separated. To test the limit of separation, a mixed polystyrene sample containing two particles varying in size by less than 0.2% was run in the system. The analysis of the resulting separation sets the framework for continued work to perform ultra-fine separations.
INTRODUCTION
Laser radiation focused at microscopic particles in a fluid can generate significant forces on the suspended particles through the momentum exchange that occurs when photons from the laser refract through and reflect off of the particles. By manipulating these forces in novel ways microscopic particles can be trapped, manipulated and sorted. [1] [2] [3] [4] [5] The most familiar use of this phenomenon is termed optical tweezers or optical trapping and can employ one or more laser radiation sources. Of the optical forces resulting from highly convergent Gaussian laser radiation, the dominant gradient force retains particles at the focal point of the converging rays. By translating the particle medium or the laser beam, individual particle translation and manipulation can be achieved. This method has been used successfully to separate microscopic particles based on their visual appearance such as size, shape and fluorescence. More recent work has utilized arrays of optical traps to separate particles based on their different optical mobilities. [6] [7] [8] Other techniques involving novel methods of manipulating the incident beam have increased the complexity and success of many unique separations. 9, 10 Optical chromatography [11] [12] [13] relies on a mildly convergent Gaussian laser beam to draw particles into and propel them along its axis of propagation. The laser is aligned to directly oppose a fluid flow and where the balance of fluid drag force and optical pressure on incident particles results, particles are retained in the system. Larger size and greater refractive index particles each experience greater optical pressure and are retained further from the focal point than smaller or lower refractive index particles. This results in unique retention distances from the focal point for particles of different size and composition (refractive index). Using this technique it has been demonstrated that particles and biological microorganisms can be separated by size 11, 14 , refractive index 15 , shape and morphology 16 , and fluid drag characteristics 16 . It has even been shown that with multiple lasers and a complex microfluidic design, multicomponent biological samples can be fractionated In this paper we expand on our previous work and improve the separation capability of the system. By first hydrodynamically focusing an injected sample before it encounters the laser we are able to reproducibly and completely separate a sample that was poorly separated previously. In recent optical chromatography research 11-13, 15, 18 , a lightly focused laser has been used to fractionate, concentrate and/or collect the sample 19, 20 . The goal with this new implementation of optical chromatography is to perform complete separation of sample mixtures that were previously unsuccessful. The ability to fractionate and or purify a sample that can then be collected can be advantageous for application with existing technologies that require sample cleanup. Earlier work used a single laser to retain and purify B. anthracis spores from chemical interferents such as humic acid before RT-PCR DNA analysis was run on an externally collected sample 20 .
EXPERIMENTAL
The fractionation device discussed here consists of a fluidic apparatus encompassing all liquid handling, including pumping and injections, coupled with an optical system. The combined result includes three independently controllable CW 1064nm ytterbium fiber lasers (IPG Photonics, Oxford, MA, USA) to be focused into the fused silica microfluidic device, although only two were used in this work. The lasers are each focused by a 0.5 inch diameter plano-convex 100 mm focal length lens into the microfluidic system. The microfluidic network is mounted on a 5 axis positioner (New Focus, San Jose, CA, USA) and the entire aligned optic and fluidic system is observed using a 20x objective and lens tube system (Infinity Photo-Optical, Boulder, CO, USA) connected to a CCD camera (Olympus America, Inc., Center Valley, PA, UA) mounted independent of the optic and fluidic components.
The microfluidic flowcell, similar to previous work 20, 21 , shown in Figure 1 , consists of three plates of fused silica. Rather than etching all three plates, only the 250μm thick center plate was wet etched in hydrofluoric acid (HF) to yield a structure of etched trenches, 85μm wide and 40 -70μm deep, on both sides of the plate with several 50μm diameter capillary thru-holes connecting the trenches on either side of the plate (Translume Inc, Ann Arbor, MI, USA). This layer is bonded between two 2mm thick outer plates at room temperature 22 , into which have been drilled 350μm diameter holes that align with the inlet, outlet and injection channels on the central layer. The bonded device is shaped and polished using a diamond lapping machine (Crystalite Corp., Westerville, OH, USA). Fluid connectors (Nanoport, Upchurch Scientific, Inc., Oak Harbor, WA) were epoxied to the finished chip to allow for fluid inlet, outlet and injection tubing. Optical chromatography separation flowcell. The inlet, outlet and injection channels can be seen in the three layer fused silica device. The prisms allow for up to three lasers to be directed into the three separation regions.
The fluid control system consists of a pneumatically controlled reservoir involving very precise pressure control over a 20mL volume of pure water. The liquid volume was connected to tubing resulting in pulseless, stable and reproducible fluid flow. Computer control via an electronic pressure controller (OEM-EP, Parker Hannifin, Hollis, NH) allowed for rapid and interactive manipulation of the pressure and thus flow rate. The complete system involved connecting the inlet and outlet tubing each to a separate reservoir. The dual reservoir system completely isolated the flow system increasing the stability and added the ability to control flow direction. Flow direction and flow rate were precisely measured to a resolution of 0.5nl/min using a calibrated commercial liquid mass flow meter (Sensirion Inc., Westlake Village, CA, USA).
Sample injections were made using a syringe pump (NE-1000, New Era Pump Systems Inc, Farmingdale, NY) fitted with a 10μL syringe (Hamilton, Reno, NV, USA). The two mixture samples consisted of two components each, with the first containing: 2.74μm (SD=0.05µm) polystyrene (PS) spheres, and 2.74μm (SD=0.04µm) poly(methyl methacrylate) (PMMA) spheres (microParticles GmbH, Berlin, Germany) and the second mixture containing: 2.74μm and 2.39μm (SD=0.04µm) PS spheres (microParticles GmbH, Berlin, Germany).
For each injection, a novel method to hydrodynamically focus the sample in three-dimensions was employed, shown in Figure 2 . Utilizing a single laser at high power (8W) an entire injected sample of mixed particles was optically collected from the flow and concentrated against the microfluidic wall. The concentrated mound of particles were then released by using a computer control program to slowly and reproducibly reduce the power of the laser holding them in place. As this occurred, particles were drawn individually into the surrounding flow field, into the 50µm capillary and out to the next separation region. Due to the microfluidic pathway that incorporates an increase in the channel width or "frying pan" just before a 50µm capillary constriction, a flow field reminiscent of a three-dimensional nozzle is created. This flow field is responsible for pulling particles one at a time from the mound on the wall into a very reproducible three-dimensional position in the flow. Figure 2 . The hydrodynamic focusing region within the flowcell. Particles were added to the image to illustrate common trajectories. The three-dimensional rendering in the overlay image clearly shows the "frying pan" region just before the 50µm capillary. In this region the flow field is such that particles are hydrodynamically focused as the laser power is reduced and particles are no longer able to overcome drag forces from the flow.
Hydrodynamically focused particles continue 250µm through the focusing region and another 0.5mm until they reach the separation region, Figure 3 . At this point particles encounter the laser and are either held on the wall or allowed to continue to enter the 50µm capillary. The separation occurs as particles in the flow are making the 90 degree turn into the capillary. For each experiment a pure injection of each particle type making up the mixture was injected for identification, focus verification and separation optimization. Particle position after focusing was verified for the z-direction relying on the depth of field for the objective. For a specific flow rate, the laser power was adjusted to map out the entire range from complete trapping to no trapping for each sample. With this information a laser power and flow rate were determined to give the separation the greatest possibility of success. Mixture samples were then injected, hydrodynamically focused and separated. Particle identification and trajectories were analyzed.
Data collection and analysis were performed using ImagePro Plus version 6.2 (Media Cybernetics, Inc., Silver Spring, MD). Particles were counted both manually and using particle tracking routines within the software. For each particle in several replicate injections the particle center position was collected, it was identified, verified for focus and its trajectory followed to determine if the particle was retained or passed through the separation region. This data allowed for a full analysis of each separation.
RESULTS AND DISCUSSION
In a previous separation 17 , we used the same device as we do here but relied on particles in flow that were separated regardless of their position in the flow. This method was used successfully for several different samples including the clean up biological samples for PCR 20 . As shown elsewhere, these separated samples can be individually collected outside the system for verification and use in other systems. With the success of these separations, there is always a desire to improve the resolution. A simulation study of our system suggested that a focused stream of particles would increase our separation resolution significantly 23 . To that end, we developed the current two laser system. Two mixture samples were run. Each sample was a two component mixture with the first consisting of two chemically different but identically sized microspheres of PS and PMMA and the second involved two chemically identical but differently sized microspheres of PS Our first sample demonstrates the ability of our system to fractionate a previously difficult sample. This mixture sample contained 2.74µm PS and PMMA particles in equal numbers. The separation was performed at a flow rate of 50nl/min with a separation laser power of 3.1W. The width of the focused particles in the channel before the separation was 6.9µm, shown in Figure 3 . This width encompasses 95% of the particles and is calculated as two standard deviations from the average particle position in the channel over four separate injections and consisted of 2467 particles. Particle center data for one injection is shown in the overlay of Figure 3 . When a similar sample was separated using our previous method, without hydrodynamic focusing, the sample was poorly separated yielding two samples 60-70% pure in each separated component 21 . With the current experiment, the mixed sample was hydrodynamically focused followed by separation and, 100% perfectly separated streams of each component resulted. In replicate runs the separation remained 100% and was not affected by the occasional doublet or triplet single component aggregate. This result represents a significant improvement from our previous work. It is important to note that this separation doesn't just represent particles that are only retained or unretained; they can easily be collected and removed from the system as two pure samples; furthermore, the entire injected stream (hydrodynamically released from the wall) was processed and separated at this efficiency. To test the ability of our system to separate an even more difficult sample, an equal number of 2.74µm and 2.39µm PS were injected. With a flow rate of 50nl/min, a separation laser power of 2.6W and a focus width of 7.2µm, the resulting separation yielded an average purity of 79% for the 2.74µm fraction and 70% for the 2.39µm fraction. This represents an improvement from the injected mixture but far from a perfect separation. Under further investigation we were able to gain further insight into the separation. In Figure 4 , the particle center data for an injection is plotted. Since we know for each particle, the position, identity and whether the particle was retained or not, it can be determined if improving the focusing of our sample could improve this separation. Using this data, we divided the injection width into five bins across two standard deviations from the average to account for 95% of the sample. Looking at a sample spread equally across all five bins yielded that in bins a-d, no 2.39µm PS particles were retained, but 67% were retained in bin e. The corresponding 2.74µm sample yielded complete retention of particles in bins d and e, but only 0%, 27% and 47% in bins a-c respectively. When combined, this implies that if particles are restricted to bin d, a complete 100% separation is possible. The current focus width of 7.2µm for this sample would need to be reduced to 1.4µm and either a adjustment to the position, laser power or flow rate would need to be made. The overlay image in Figure 4 shows four particles and their location in the focused stream with the bottom two illustrating the focus limits for a sample capable of 100% fractionation in our system. Current work to modify our microfluidic device capability to hydrodynamically focus particles to a width at or below 1.4µm is promising. Figure 4 . Data from the fractionation of 2.74µm PS and 2.39µm PS. The plot shows center positions for a complete injection. The particle x-positions are divided into five bins a-e. Within bin d, all particles are perfectly separated. In the overlay image the center data is plotted over actual particles from the injection. The top two particles occupy the overall width of the focused stream of particles where the bottom two occupy the width needed to achieve a complete separation.
CONCLUSIONS
We have shown that the separation capability of our optical chromatography device can be greatly improved by adding a novel hydrodynamic particle focusing region prior to the separation region. This improved design was shown to completely purify and fractionate a difficult sample from previous work. It was also proposed that by reducing the focused particle band width even more, a further increase in the separation capabilities is achievable. The complete fractionation of a sample differing in size by only 350nm would be a significant achievement and shows the powerful capability optical chromatography can hold as a separation method.
